Allozyme variation in screwworm, Cochliomyia hominivorax (Coquerel), and secondary screwworm, C . macellaria (F.), populations from northwest Costa Rica was examined . Variability was observed in 11 of 13 enzyme loci and the frequency of the most common allele was <0 .95 for 5 loci in screwworm . In secondary screwworm, 12 of 13 loci were variable and the frequency of the most common allele was <0 .95 for 6 loci . Expected heterozygosities were 0 .149 and 0 .160 for screwworm and secondary screwworm, respectively . Goodness-of-fit statistics for Hardy-Weinberg equilibrium and Wrights F statistics indicated that both species are panmictic with no evidence of population substructuring. Nei ' s genetic distances were 0.000-0 .001 for intraspecific comparisons and 0 .899-0 .916 for interspecific comparisons . The data indicate a high level of gene flow between populations within each species.
SCREWWORM, Cochliomyia hominivorax (Coquerel), is a serious pest of livestock throughout the Neotropical Region (Guimaraes et al . 1983 , Snow et al . 1985 , Krafsur et al . 1987 , Rawlins & Mansingh 1987 . Before its eradication from North America (Graham 1985) , screwworm ranged from the central United States to central Argentina and Chile (Dear 1985) . Secondary screwworm, Cochliomyia macellaria (F .) , is similar morphologically to screwworm and ranges from southern Canada to Argentina and Chile (Hall 1948 , Dear 1985 . The two species were considered conspecific until Cushing & Patton (1933) separated them by differences in the male genitalia. Although morphologically similar, the two species differ greatly in their biology . Screwworm is an obligate parasite of warm-blooded vertebrates . The female fly lays her eggs on the margin of a wound . Larvae enter the wound and feed on live tissue of the host (Laake et al . 1936) . Screwworm larvae cannot complete their development in carrion (Brody & Knipling 1943) . Secondary screwworm is saprophagous, breeding primarily on carrion or decomposing meat (Hall 1948) . Although secondary screwworm will oviposit on living hosts as a secondary agent of myiasis, the larvae normally feed on decomposing tissue or outside the wound (Knipling & Travis 1937) . Secondary screwworm is much more abundant in nature than screwworm . Laake et al. (1936) reported the ratio of screwworm to secondary screwworm to be 1 :590 at wounds and 1 :2427 at meat-baited fly traps .
Despite the economic importance of screwworm and the reliance on genetic techniques for its control and eradication, few studies have been published on the population genetics of this species . Bush & Neck (1976) identified five variable enzyme loci in laboratory colonies of screwworm, but they did not examine any field populations . Richardson et al . (1982) indicated that significant allozyme polymorphism exists in screwworm and that the variation is concordant with the differentiation of reproductively isolated subpopulations . Unfortunately, these authors have not published any data in support of this statement. Whitten (1980) examined two allozyme loci in screwworms from a single population in Texas . Krafsur & Whitten (1993) examined three allozyme loci in 11 populations from central Mexico . Krafsur & Whitten concluded that the breeding structure of screwworm is that of a single, panmictic population . No studies on genetic variation in C . macellaria have been published.
The purposes of this study were to identify useful allozyme loci for studying genetic variation in screwworm, to develop a baseline for genetic variation in screwworm by examining several populations from a single region, and to determine the level of genetic differentiation between screwworm and secondary screwworm.
Materials and Methods
Specimens . Adults of both species were collected from three locations in northwest, Costa Rica (Fig . 1 ) . La Emilia (EMILIA) is adjacent to the Enrique Jiminez Nunez Experiment Station, 21 km SW of Canas, Guanacaste Province . Flies were collected at the interface between a dry tropical forest and pasture with cattle present (elevation °°20 m) . Finca Montezuma (MONTE-ZUMA) is 25 km NW of Canas. Collections were made at the interface between a tropical forest and a mature coffee field (elevation 500 m) . Finca Bedilla (BIJAGUA-1 and BIJAGUA-2) was 3 km N of Bijagua, Alajuela Province (elevation 800 m) . The collecting site was on the edge of a small clearing in a wet tropical forest. Flies were collected with nets at feeding stations baited with rotting beef liver (Parker & Welch 1992 ) and held in screen cages provisioned with honeywater for up to 8 h before being transported to the Enrique Jiminez Nunez Experiment Station where identifications were confirmed . Flies were placed in liquid nitrogen for storage and transporting to the Midwest Livestock Insects Research Laboratory in Lincoln, NE, where they were transferred to a freezer maintained at -80°C . EMILIA, MONTEZUMA, and BIJAGUA-1 collections were made from 3-14 October 1992. BIJAGUA-2 was collected from 18 March to 28 April 1993 . Ninety-three percent of the C . hominivorax and 63% of the C . macellaria collected were females . Pinned voucher specimens are in the Agricultural Research Service Screwworm Laboratory Collection at El Alto de Ochomogo, Cartago, Costa Rica . Heads and excess homogenate of flies examined are being maintained frozen (-80°C) at the Midwest Livestock Insects Research Laboratory, Lincoln, NE, as biochemical voucher specimens and for use in future molecular genetics studies.
Electrophoretic Techniques . Polyacrylamide gel electrophoresis was used for this study . General procedures were similar to those of Munstermann (1979, 1980) . Heads were removed from each fly and stored individually for other studies. Six percent acrylamide gels were prepared with 1 :2 diluted TC and tris-borate-EDTA (TBE) (81 mM Trizma base, 28 mM boric acid, 14 .6 mM EDTA, pH 8 .9) buffers . Photo-Flo (0 .5%, [Kodak, Rochester, NY] ) was added to the gels to improve staining and resolution (Green et al . 1990 ) . Electrophoresis conditions were set at 300 V constant voltage for 3 h (TBE) or 4 h (TC) in a vertical slab gel unit (Hoeffer Scientific, San Francisco, CA). Initial currents were 0 .027 (TBE) and 0 .045 (TC) mA per gel and ending currents were 0 .015 (TBE) and 0 .039 (TC) mA per gel . Gels were 14 by 16 cm and 1 .5 mm thick . To avoid overheating, buffer in the TC units was circulated between the upper and lower chambers.
Gels were presoaked in the appropriate staining buffer for 0 .5 h to stabilize the pH before staining . Stain recipes were those of Murphy et al . (1990) except GCD and HADH (Green et al . 1990 ), AO (Steiner & Josylin 1979) , PHOS (Black & Krafsur 1985) and THE (Meredith 1980 ) (see Table 1 for enzyme systems) . Gels were incubated at 37°C for 0 .5 h before PMS (phenazine methosulfate) was added . NBT (nitro blue tetrazolium) was used in place of MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) . ACOH and PGDH were stained simultaneously on the same gel . CAP was stained in tris-HC1 pH 7 .0 buffer . The most common allele in C . hominivorax for each locus was called the 100 allele . Additional alleles were assigned numerical names based on their migration relative to the 100 allele.
Thirty-nine enzyme systems were screened for C . hominivorax (Table 1) . The 13 enzyme systems used for the population analysis (Table 2) were selected for their reliable staining and our confidence in interpretation of the banding patterns . Enzyme systems that were variable in C. hominivorax were given preference.
Statistical Analysis . BIOSYS-1 (Swofford & Selander 1981) was used to compute population allele frequencies, expected and observed heterozygosities, test for fit with Hardy-Weinberg expectations, and calculate Nei' s genetic distance (Nei 1978) and Wright ' s F statistics (Wright 1978) .

Results
Enzyme Systems . Five of the 39 enzyme systems examined, ALPH, GALDH, LDH, SDH, and SORDH did not stain . Five systems were inconsistent or too weak to score -ACPH, ADH, DDH, CAP, and SOD . DDH and CAP were vari- able in C . hominivorax, and heterozygote banding patterns indicated monomeric structures . Up to four banding regions were observed for ADH, three of which appeared to be variable ; but consistent staining could not be achieved . In three systems, the bands were so diffuse that they could not be scored-AK, GPI, and PHOS . Eight enzyme systems (AAT, AO, EST, GDH, HK, MDHP, TRE, and XDH) gave uninterpretable banding patterns . AO, GDH, MDHP, and XDH showed variable migration rates but did not appear to follow Mendelian inheritance . MDHP exhibited an unusual banding pattern, two strong bands with three evenly spaced weaker bands in between ; this pattern was observed in both C. hominivorax and C . macellaria . AAT exhibited two loci, the faster migrating of which was variable in C . hominivorax . Crossing studies showed that the variability was of genetic origin, but the data were inconsistent . EST, HK, and TRE exhibited complicated banding patterns . Five or six EST loci were apparent and at least three were variable . Overlapping of the loci and inconsistent staining made the variable loci difficult to interpret . Three loci were observed for HK, one of which was variable but not interpretable . Several banding regions were visible on the TRE gels, the fastest migrating of which was highly variable in C . macellaria ; this locus was blurred and could not be scored in C . hominivorax. Three enzyme systems, FBP, GLUD, and G6PDH, stained clearly and consistently but appeared to be fixed in C . hominivorax and were not included in the population survey . Two enzyme systems stained the same enzyme as another system ; ODH resolved FDH, and TPI resolved G3PDH . Heterozygous banding patterns for variable loci indicated subunit structures (Table 2) consistent with those previously reported (Murphy et al . 1990 ). Population Structure . In C . hominivorax, 11 of the 13 enzyme loci were variable and 5 of those were polymorphic using the 0 .95 criteria (Table  3 ) . In C . macellaria, 12 of the 13 loci were variable and 6 were polymorphic . Expected heterozygosity was 0 .149 for C . hominivorax and 0 .160 for C . macellaria (Table 2) . Observed genotypes differed significantly from Hardy-Weinberg expectations (with pooling, see Swofford & Selander [1981] , P < 0 .05) for two loci in C. hominivorax, Gcd in BIJAGUA-1 (excess ho mozygotes, X2 = 4 .362, df = 1, P = 0 .037) and Mpi in BIJAGUA-1 (excess heterozygotes, = 4 .525, df = 1, P = 0 .033), BIJAGUA-2 (excess homozygotes, = 5 .376, df = 1, P = 0 .020) and MONTEZUMA (excess homozygotes, = 4 .917, df = 1, P = 0 .027) populations . No loci differed significantly from Hardy-Weinberg expectations in C . macellaria populations.
Wright ' s F statistics (Table 4 ) suggest a small departure from random mating in both C . hominivorax and C . macellaria populations . The values for Fst indicate that geographic differentiation accounted for less than 1% of the genetic variability observed in both species.
Nei ' s genetic distances were _<0 .001 (Table 5 ) for all of the within species comparisons . Genetic distances between C . hominivorax and C. macellaria were between 0 .899 and 0 .916 .
Discussion
Results of this study indicate that screwworm in northwest Costa Rica is a single panmictic species . This conclusion agrees with that of Krafsur & Whitten (1993) for central Mexico but differs from that of Richardson et al . (1982) for Texas and Mexico . Geographic variation accounted for <1% of the total amount of genetic variation present in these populations . Krafsur & Whitten (1993) reported a larger Fis value for the central Mexican populations . They suggested that those values were probably caused by pooling of heterogeneous samples . Our results support this conclusion . Our samples were each collected over a short time period and sites within a locality were <100 m apart . Consequently, our Fis value is much smaller, 0 .065 versus 0 .131 for the three loci (G3pdh [=a-Gpdh], Fdh [=Odh] and Pgm) reported by Krafsur & Whitten . The F i s value observed in our study is probably the result of a high level of relatedness between screwworm collected within a short time frame. A female screwworm can lay >400 eggs in a single egg mass (Thomas & Mangan 1989) . Because the density of screwworms is low (Laake 1936 ), a given sample probably is made up of a small number of sibling groups . This conclusion is supported by the distribution of the F d h 6 6 allele in the MONTEZUMA population . Of the seven individuals carrying the Fdh 66 allele, five were heterozygotes with the Fdh84 allele . Only 0 .8 such heterozygotes were expected (2 x 0 .12 x 0 .03 x 116) . It is nearly certain that these five individuals were siblings . Assuming that the parents of these flies were Fdh100/Fdh84 and Fdh100/Fdh66, the 5 Fdh84/Fdh66 flies represent 25% of the progeny . Combined with the two Fdh100/Fdh66 individuals, the seven flies carrying the Fdh 66 allele represent 50% of the progeny of this sibship . Therefore, 10 to 20% of the flies collected at this site were possibly from a single sibling group . Analysis of the mitochondrial DNA of these flies is necessary to confirm this interpretation. Pooling our data for Costa Rica with those of Krafsur & Whitten (1993) for central Mexico across the three loci studied by those authors resulted in F is = 0 .11, FST. = 0 .01, and FIT . = 0 .12 . The large P i s and F IT values are undoubtedly caused by the Wahlund effect from pooling of the populations into three groups, Colima, Manzanillo and Costa Rica . The low value for F ST suggests that little genetic differentiation has occurred between screwworm populations from central Mexico and Costa Rica . Nei ' s genetic distances between the Costa Rican and the Mexican populations were 0 .005-0 .008 . Comparing the frequencies of the most common alleles at the two enzyme loci studied by Whitten (1980) in Texas with our data from Costa Rica ( G 3 p d h 1 0 0 [=aGDH 1], 0 .686 Texas versus 0 .496 to 0 .563 Table 2 ) and s populations (C . hominivorax = 4, C . macellaria = 3) with (k -1)(s -1) df. FIT <> 0, P < 0 .05, x 2 = ( F, T ) 2N(k -1) with k(k -1) df.
Costa Rica, and Pgm100 [ = PGM 2 ], 0 .964 Texas versus 0 .957 to 0 .980 Costa Rica) indicates a moderate level of similarity between these populations as well. Richardson et al . (1982) proposed that screwworm in Texas and Mexico was a complex of reproductively isolated gamodemes based on cytological and isozyme data . These authors identified eleven types of screwworm, many of which occurred sympatrically . Because of the success of the screwworm eradication program (Graham 1985 , Vargas-Teran 1991 , none of the populations studied by Richardson can be further analyzed . Makela & Richardson (1978) predicted an even greater number of cryptic species in southern Mexico and southward . Our data from three climatologically diverse locations in Costa Rica show no evidence of reproductively isolated populations of screwworm . Furthermore, based on the allozyme loci studied by Whitten (1980) and Krafsur & Whitten (1993) , screwworm populations in Costa Rica are genetically similar to those from Texas and central Mexico.
The population structure of C . macellaria is similar to that of C . hominivorax . Heterozygosity and percentage of the loci polymorphic are slightly higher in C . macellaria and the mean number of alleles per locus is much higher (Table 2) . F t , is lower in C . macellaria than C .
hominivorax . This is probably because the higher density of C . macellaria reduces the probability of collecting siblings . Higher genetic variability is expected in a species that exploits a variable environment than one restricted to a narrower, well-defined environment (Powell 1971 , Hedrick et al . 1976 . Although small, the differences observed between C . macellaria and C . hominivorax support this contention.
Nei's genetic distances between C . macellaria and C . hominivorax were in the order of 0 .9 . This level of genetic divergence is characteristic of well-differentiated, nonsibling species (Ayala et al. 1974 ) and suggests a time of divergence of 17-24 million years before present (Sarich 1977 , Carlson et al . 1978 . This predates the arrival of the modern mammalian faunas of North and South America (Stehli & Webb 1985) . Cochliomyia hominivorax and C . macellaria probably diverged during the Miocene and C . hominivorax evolved its parasitic behavior on the nowextinct faunas of that period in North or South America.
The five-banded pattern for the MDHP enzyme system in screwworm is unusual . Calyptrate Diptera have two loci coding the MDHP enzyme and consequently express a two-banded pattern (Black & Krafsur 1985 , Jones et al . 1987 , Krafsur & Black 1992 . The five-band pattern was 5 Bijagua ***** 0 .000 0 .000 6 Emilia ***** 0 .001 7 Montezuma ***** Vol . 87, no . 5 observed consistently in 10 species of Calliphoridae encompassing the subfamilies Chrysomyiinae, Calliphorinae and Mesembrinellinae (unpublished data) . MDHP is a tetramer (Murphy et al . 1990 ) . The banding pattern expected for a heterozygous tetrameric enzyme is five evenly spaced bands . The most logical explanation for the five-banded pattern observed in the calliphorids is the formation of heterotetramers by subunits produced by the two MDHP loci . The reduced staining intensity of the intermediate bands would indicate that the heterotetramers either form at a lower rate than the homotetramers or that they have reduced activity under the staining conditions used . The uniformity of this phenomena in calliphorids and its absence in several muscid species (Black & Krafsur 1985 , Jones et al . 1987 , Krafsur & Black 1992 suggests that this pattern may be a useful apomorphy distinguishing the calliphorids as a group . Species from other families within the superfamily Oestroidea need to be examined to determine the extent of this phenomenon. Proper and consistent nomenclature for allozyme loci is extremely important, especially with recent attempts to homologize loci across species (Heckel 1993) . In this study, two enzyme systems stained the same enzyme as another system . FDH and ODH are clearly the same enzyme in screwworm . This phenomena has been observed in marine bivalves (Manchenko 1990) and humans (Hur & Edenberg 1992 , Koivusalo et al . 1989 ) . The human enzyme has been characterized and classified as FDH (Hur & Edenberg 1992 , Koivusalo et al . 1989 . We found the FDH stain to give much stronger and consistent bands than did the ODH stain . We recommend that this locus be recognized as Fdh . TPI resolved the same enzyme as G3PDH . This was probably caused by incomplete conversion of the a-glycerophosphate to dihydroxyacetone phosphate in the first step of the stain reaction.
